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Epigenetic mechanisms, in particular the enzymatic modifi-
cation of histones, are a crucial element of cell differentiation, a
regulated process that allows a precursor cell basically to turn
into a different cell type while maintaining the same genetic
equipment.We have previously described that the promoters of
adipogenic genes display significant levels of dimethylation at
the Lys4 of histone H3 (H3K4) in preadipocytes, where these
genes are still silenced, thus maintaining the chromatin of the
precursor cell in a receptive state.Here,we show that the expres-
sion of several histone demethylases and methyltransferases
increases during adipogenesis, suggesting an important role
for these proteins in this process. Knockdown of the H3K4/K9
demethylase LSD1 results in markedly decreased differentia-
tion of 3T3-L1 preadipocytes. This outcome is associated
with decreased H3K4 dimethylation and increased H3K9
dimethylation at the promoter of transcription factor cebpa,
whose expressionmust be induced >200-fold upon stimulation
of differentiation. Thus, our data suggest that LSD1 acts to
maintain a permissive state of the chromatin in this promoter by
opposing the action of a H3K9 methyltransferase. Knockdown
of H3K9 methyltransferase SETDB1 produced the opposite
results, by decreasingH3K9dimethylation and increasingH3K4
dimethylation levels at the cebpa promoter and favoring differ-
entiation. These findings indicate that the histone methylation
status of adipogenic genes aswell as the expression and function
of the proteins involved in its maintenance play a crucial role in
adipogenesis.

It has been extensively shown that the posttranslational
modifications of histones participate in the regulation of tran-
scription, both by altering chromatin structure locally and
through the recruitment of regulatory complexes that recog-
nize and bind to the modified histone tails (1). Among these
modifications, the role of lysine acetylation is the best estab-
lished, usually associating with transcriptional activation (2, 3).
Unlike acetylation, histone lysine methylation has been linked
with either transcriptional activation or repression, depending

on the modified residue. Thus, methylation of the residue Lys4
of histone H3 (H3K4) correlates with gene activation (4, 5),
whereas H3 Lys9 (H3K9) methylation is associated with tran-
scriptional repression and the establishment and maintenance
of silent heterochromatin regions (6).Moreover, lysine residues
may bemono-, di-, or trimethylated (for review, see Ref. 1), thus
resulting in a vast potential for functional responses.
Histone lysine methylation was until recently considered

to be a permanent mark because no demethylases had been
identified (7). However, the recent discovery of two classes
of histone lysine demethylases (HDMs)4 (8–12) established
the dynamic nature of this modification. The first HDM
described, lysine-specific histone demethylase 1, LSD1 (also
known as AOF2, BHC110, and KDM1), is an amine oxidase
that mediates histone demethylation via a FAD-dependent
oxidative reaction and has been found to be associated with a
number of corepressor complexes such as those nucleated by
REST corepressor (CoREST) or C-terminal-binding protein
(CtBP) (13, 14). In agreement with these data, LSD1 has been
shown specifically to demethylate in vitro mono- and dimethyl-
ated H3K4 and has been suggested to mediate gene repression
in vivo bymaintaining an unmethylated H3K4 status on a set of
target promoters (8, 13). However, the substrate specificity of
LSD1 seems to be modulated by the proteins with which it is
associated (13, 15) and by other histonemarks displayed on the
histone tail (16, 17). In this regard, LSD1 has also been con-
nected to gene activation through demethylation of H3K9 as a
component of the MLL1 activator complex (14, 18) or when
associated with the androgen or estrogen receptors (19, 20).
LSD1 is widely recruited to active promoters in estrogen-stim-
ulated cells and opposes the silencing function of H3K9 meth-
yltransferases (HMTs) such as RIZ1 or SETDB1, which bind to
the estrogen receptor in the absence of ligand, thusmaintaining
high levels of methylated H3K9 at its target promoters (20).
Interestingly, H3K9 methyltransferase SETDB1 is also able to
repress transcription of nuclear receptor PPAR� target genes in
mesenchymal stem cells, consequently influencing cell fate by
reducing adipogenesis while favoring osteoblastogenesis (21, 22).
Adipogenesis is a complex process tightly regulated by a well

established cascade of sequence-specific transcription factors
that concludes with increased expression and activation of
CCAAT/enhancer-binding protein � (C/EBP�) and peroxi-
some proliferator activator receptor � (PPAR�) (23). These two
factors are between them responsible for the transcription of
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the largest part of adipocyte-specific genes, including the hor-
mone adiponectin (apm1) or the transporters fabp4 and glut4.
A number of recent studies have demonstrated the crucial role
of epigenetic mechanisms in adipogenesis (for review, see 24).
In our laboratory, we described a role for histone H3K4 di-
methylation in labeling specific adipocyte genes such as apm1 as
“poised” for transcription in undifferentiated fibroblasts that do
not yet express them (25). Recently, the essential role of histone
methylation in adipogenesis has been confirmed by two inde-
pendent studies. Targeted deletion in mice of the H3K4 meth-
yltransferase MLL3 results in drastically decreased adipose tis-
sue, even under a high fat diet (26), whereas disruption of the
gene encoding the H3K9 demethylase JMJD1A results in obe-
sity (27). These data emphasize the active role of histone meth-
ylation in the development of adipocytes from undifferentiated
cells.
In the present study, we evaluate how the expression levels of

different HDMs and HMTs are regulated during adipocyte dif-
ferentiation. Furthermore, we show that expression of HDM
LSD1 is necessary for adipogenesis to proceed adequately.
LSD1 participates in the regulation of adipogenic transcription
factor cebpa by decreasing H3K9 dimethylation and maintain-
ing H3K4 dimethylation at its promoter, opposing the function
of H3K9 methyltransferase SETDB1. Taken together, these
results indicate that histone methylation plays a key role in the
regulation of the transcription of key adipogenic genes during
adipogenesis and consequently in the differentiation process
itself.

EXPERIMENTAL PROCEDURES

Cell Culture and Differentiation—Mouse 3T3-L1 preadipo-
cytes were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% calf serum (Sigma) and
10T1/2 pluripotent fibroblasts were grown in Basal Medium
Eagle supplemented with 10% fetal bovine serum (FBS). Dif-
ferentiation of 3T3-L1 and 10T1/2 cells to adipocytes was
induced by treatment of confluent cells (designated day 0,
D0) with an adipogenic mixture consisting of 850 nM insulin,
1 �M dexamethasone, and 0.5 mM isobutylmethylxanthine in
the presence of 10% FBS (all reagents from Sigma). The dif-
ferentiation medium was replaced 2 days later (D2) with
medium supplemented with 10% FBS and 850 nM insulin.
After 3 more days in insulin-containing medium (D5), the cells
were cultured in DMEM containing 10% FBS without further
supplements. Isolation of mouse preadipocytes, in vitro differ-
entiation, and transfection of D5 adipocytes are discussed in
supplemental Methods.
siRNA Transfection—For RNA analysis and Oil Red O stain-

ing, 3T3-L1 or 10T1/2 fibroblasts were trypsinized 1 h before
transfection and distributed into 24-well plates (7–8 � 104
cells/well). For ChIP assays or nuclear extract preparation, 2 �
106 cells were plated in a 100-mmdish 1 h prior to transfection.
Cells were transfected with 60 nM corresponding double-
stranded siRNAs usingMetafectene Pro (Biontex, Martinsried,
Germany) at a 1:3 (w:v) ratio with the siRNA. Two different
siRNAs for each target were used. Sequence details are pre-
sented in supplemental Table 1. When required, cell differen-
tiation was started when the transfected cells reached conflu-

ence, usually 48–72 h after transfection. Otherwise, RNA was
extracted at 24, 48, and 72 h after transfection. For Western
blotting andChIP assays, cells were used 72 h after transfection.
Oil Red O Staining—Intracellular triglyceride was stained

with Oil Red O (Sigma). Briefly, cells were fixed overnight with
4% paraformaldehyde, washed with 60% isopropyl alcohol, and
stained with Oil Red O solution (0.21% Oil Red O in 60% iso-
propyl alcohol) for 1 h at room temperature. Excess stain was
removed with 60% isopropyl alcohol, and cells were washed
extensively with tap water before being photographed under a
light microscope (magnification, �400).
Nuclear Extract Preparation andWestern Blotting—Nuclear

extracts from 3T3-L1 cells were prepared as described (28).
Equal amounts of protein were resolved by 9% SDS-PAGE and
transferred to a 0.45-�m nitrocellulose membrane (Schleicher
& Schuell). The primary antibodies were diluted 1/1,000 in TBS
(20 mM Tris, pH 7.5, 137 mM NaCl) supplemented with 5%
nonfat milk and visualized by blotting with HRP-conjugated
secondary antibodies. Chemiluminescence was detected using
the ECL Plus reagents (GE Healthcare), in a LAS3000 Lumi-
Imager (Fuji Photo Film Inc., Valhalla, NY). Antibodies were
from Upstate Biotechnology.
RNA Isolation and Real Time RT-PCR—Total RNA was

extracted using TRI reagent (Sigma) according to the in-
structions of the manufacturer. Random-primed cDNA syn-
thesis was performed at 37 °C starting with 0.5 �g of RNA,
using the High Capacity cDNA Archive kit (Applied Biosys-
tems). Gene expression was measured by real time PCR in an
ABI Prism 7900HT Real Time PCR system using TaqMan
FAM-labeled specific probes (Applied Biosystems). A list of the
probes used is presented in supplemental Table 2. Results were
normalized to actb expression. Statistical differences were
assessed by two-tailed Student’s t test using the mean � S.D.
calculated from three independent experiments performed in
duplicate.
Chromatin Immunoprecipitation (ChIP) Assays—Dimethyl

and trimethyl H3K4 ChIP assays were performed as described
(25, 29). Dimethyl H3K9, LSD1, and SETDB1 ChIP assays were
performed using the EpiQuik chromatin immunoprecipitation
kit (Epigentek, Brooklyn, NY) following the instructions of
the manufacturer. All antibodies used were from Upstate Bio-
technology. ChIP assays were analyzed by real time PCR using
TaqMan specific primers and FAM-labeled probes designed to
amplify segments located in a region of approximately 500 bp
around the transcription initiation site of selected genes for
analysis of promoter regions (see supplemental Table 3).
Results shown are the mean � S.D. calculated from three inde-
pendent ChIP experiments performed in duplicate. Statistical
differences were assessed by two-tailed Student’s t test.

RESULTS

H3K4 and H3K9 Dimethylation at Adipogenic Promoters
Display a Tightly Regulated and Complementary Pattern of
Enrichment throughout Adipogenesis—Ona previouswork (25)
we showed that adipogenic genes such as the hormone adi-
ponectin (apm1) display significant levels of H3K4 dimethyl-
ation on their promoter regions in preadipocytes. We proposed
that this epigenetic signal, usually associated with actively tran-
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scribed genes (3, 4), labels those still silenced genes as poised to
be expressed once the cells are induced to differentiate. To
build on this information, we used ChIP to analyze those same
promoters for the presence ofH3K9dimethylation, amark usu-
ally associated with silent chromatin, in 3T3-L1 fibroblasts
(D0), cells in the early stages of the differentiation process (D2),
and mature adipocytes (D7). Our data show that, in addition to
H3K4 dimethylation (Fig. 1, upper panel), adipogenic genes
such as apm1 or cebpa, encoding transcription factor C/EBP�,
one of themaster regulators of adipogenesis, display significant
levels of H3K9 dimethylation on their promoters in D0 preadi-
pocytes (Fig. 1, lower panel). In contrast, the promoter of the
silent muscle-specific genemyod1 displays high levels of H3K9
dimethylation throughout adipogenesis, but no detectable
H3K4 dimethylation was observed. On the other hand, high
H3K4 dimethylation levels, but not H3K9 dimethylation, were
easily detected on the promoter of the constitutively active and
heavily expressed actb gene during differentiation. Thus, adi-
pogenic genes in preadipocytes exhibit characteristics shared
with both inactive (H3K9 dimethylation) and active (H3K4
dimethylation) genes. Moreover, H3K4 and H3K9 dimethyl-
ation follow inverse patterns throughout differentiation on those
promoters, withH3K4 dimethylation significantly increasing at
the time that the expression of the genes increases (Fig. 1 and

supplemental Fig. 1), and H3K9 dimethylation decreasing,
reaching background levels in mature adipocytes (D7), where
those genes are highly expressed. Conversely, the promoter of
dlk1, a gene that follows an inverse pattern of expression to
apm1 or cebpa, being highly expressed in preadipocytes and
progressively silenced throughout adipogenesis, displays high
levels of H3K4 dimethylation but undetectable H3K9 dimethyl-
ation in 3T3-L1 D0 fibroblasts. During adipogenesis, mirroring
the silencing of the gene, H3K4 dimethylation gradually de-
creases whereas H3K9 dimethylation increases at the dlk1
promoter, thus leaving a bivalent H3K4/K9 dimethylation
mark on the silenced promoter in mature adipocytes (Fig. 1
and supplemental Fig. 1).
Expression of Several HMTs and HDMs Increases dur-

ing Adipogenesis—The observed regulated pattern of histone
modifications in correlation with gene expression changes of
key adipogenic genes suggests an important role for histone
methylation on the regulation of adipogenesis. Thus, we set
out to study the expression of some of the enzymes involved
in the regulation of histone methylation turnover in preadi-
pocytes and differentiating cells. Gene expression levels
measured by real time RT-PCR in 3T3-L1 cells at different days
during the differentiation process show a significant increase of
a number of HDMs (Fig. 2A) and HMTs (Fig. 2B). A similar
pattern of gene expression was observed in mouse primary
preadipocytes at different days during in vitro differentiation
(supplemental Fig. 2).
Knockdown of lsd1 Blocks Adipogenesis—LSD1 was initially

described as a H3K4 demethylase, therefore functioning as a
transcriptional repressor (8), but it was later linked to gene acti-
vation depending on the chromatin context and its associated
partners (19, 20), thus establishing its dual nature as aH3K4/K9
demethylase. Because we were interested in studying the
impact of modifying the levels of H3K4 and H3K9 methylation
during adipogenesis, we knockeddown the expression of lsd1 in
3T3-L1 fibroblasts by transient transfection of a specific siRNA
duplex. Two different siRNAs were used to confirm the results.
Lsd1 gene expression was blocked with high efficiency until at
least 120 h after transfection, as measured by real time RT-PCR
(Fig. 3A). LSD1 protein expression was almost undetectable in
siLsd1-transfected cells byWestern blotting 72 h after transfec-
tion (Fig. 3A, inset).
To investigate the role of LSD1 in adipogenesis, 3T3-L1 prea-

dipocytes transfected with either siLsd1 or a control scrambled
siRNA (siC) were stimulated to differentiate under normal
conditions. Differentiation was allowed to proceed until D7,
and mature adipocytes were identified under light micros-
copy by Oil Red O staining, which specifically dyes lipid
droplets. Lipid accumulation, a distinctive feature of adipo-
cyte differentiation, was effectively decreased in lsd1-knocked
down cells with respect to controls (Fig. 3B). To confirm this
decrease in adipocyte differentiation, expression of genes spe-
cific of mature adipocytes was also analyzed. 3T3-L1 preadipo-
cytes were transfected and differentiated as usual. Total RNA
was extracted at D5, and expression of adipogenic genes was
measured by real time RT-PCR. A significant decrease in the
hormones apm1, leptin, and retn, as well as the lipid transporter

FIGURE 1. H3K4 and H3K9 dimethylation at adipogenic promoters follow
a tightly regulated and complementary pattern of enrichment through-
out adipogenesis. ChIP analysis shows that the promoters of adipogenic
genes such as cebpa or apm1 display significant levels of both H3K4 and H3K9
dimethylation in 3T3-L1 D0 fibroblasts. Throughout differentiation, H3K4
dimethylation steadily increases (upper panel), whereas H3K9 dimethylation
decreases (lower panel), paralleling the induction on gene expression (see
supplemental Fig. 1). On the other hand, the promoter of dlk1, which follows
an inverted pattern of expression, displays high levels of H3K4 but not H3K9
dimethylation in preadipocytes. During adipogenesis, H3K4 dimethylation
decreases and H3K9 dimethylation increases, paralleling transcriptional
silencing of the gene. Finally, silenced genes such as myod display only H3K9
dimethylation in the absence of H3K4 dimethylation, whereas constitutively
active genes such as actb present only high levels of H3K4 dimethylation that
remain stable during differentiation. *, p � 0.05; **, p � 0.005. Error bars, S.D.
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fabp4 and glucose transporter glut4
was observed in D5 siLsd1 cells
compared with controls (Fig. 3C).
To check whether the effect of

knocking down lsd1 on adipogene-
sis was restricted to the 3T3-L1 cell
line or was on the contrary a more
general phenomenon, we per-
formed the same experiments on
the pluripotentmouse cell line C3H
10T1/2. These cells are pluripo-
tent fibroblasts that can be differ-
entiated into adipocytes, chondro-
cytes, or myocytes (30). Indeed, low
passage C3H 10T/2 cells could be
easily differentiated into mature
adipocytes under standard condi-
tions, but adipogenesis was signifi-
cantly decreased after siLsd1 trans-
fection (Fig. 3B). Thus, our data
indicate that lsd1 expression is
needed for adipogenesis both in
already committed 3T3-L1 preadi-
pocytes and in pluripotent C3H
10T1/2 fibroblasts.
To identify possible LSD1 target

genes, we used real time RT-PCR to
analyze the expression of a number
of genes involved in the regulation
of adipogenesis in 3T3-L1 cells
transfected with either siC or siLsd1
and stimulated to differentiate. In-
terestingly, expression of some of
the leading adipogenic transcrip-
tion factors was altered in D0 prea-
dipocytes (Fig. 3D). However, this
effect was not seen when we trans-
fected already mature adipocytes at
D5 (supplemental Fig. 3). This lack
of an effect in differentiated cells is
not due to deficient transfection of
mature adipocytes because lsd1
mRNA levels were decreased to an
extent similar to that observed inD0
siLsd1 cells (supplemental Fig. 3B).
InD0 lsd1-knocked downpreadipo-
cytes, expression of cebpa was sig-
nificantly decreased (Fig. 3D, inset),
whereas expression of cebpb was
increased. Expression of pparg and
foxo1, on the other hand, was not
significantly modified at 48 h after
transfection, although transient sig-
nificant changes could be detected
at other time points (supplemen-
tal Fig. 3D). However, the studied
transcription factors failed to be
induced upon stimulation of adipo-

FIGURE 2. Expression of histone methyltransferases and demethylases increases throughout adipogenesis.
A and B, mRNA levels of different HDMs (A) and HMTs (B) during 3T3-L1 cell differentiation were assessed by real-time
RT-PCR using specific TaqMan primers and probes. Values presented are the ratio of the specific RNAs corrected by
housekeeping actb at different days during differentiation. *, p � 0.05; **, p � 0.005; ***, p � 0.001. Error bars, S.D.

FIGURE 3. Knockdown of lsd1 decreases adipogenesis. A, transfection of a siRNA directed against lsd1 in
3T3-L1 D0 fibroblasts results in significantly decreased lsd1 mRNA and protein levels. B, lsd1 knockdown blocks
adipogenesis as measured by Oil Red O lipid staining. 3T3-L1 and 10T1/2 cells were transfected and differen-
tiated for 7 days as usual. The images shown are representative of three experiments performed in duplicate.
C, lsd1 knockdown blocks adipogenesis on 3T3-L1 cells as measured by the expression of characteristic adipo-
genic genes. 3T3-L1 fibroblasts were transfected with siC or siLsd1 and differentiated for 5 days. RNA was
extracted and analyzed by real time RT-PCR. D, lsd1 knockdown in 3T3-L1 fibroblasts results in decreased
induction of adipogenesis. 3T3-L1 preadipocytes were transfected and induced to differentiate 72 h after
transfection. Transcription factors cebpa, pparg, and foxo1 were readily induced several orders of magnitude in
the siC-transfected cells but remained at basal levels in siLsd1-transfected cells. Expression of cebpa was
already significantly decreased in undifferentiated D0 cells (inset). Values are mean � S.D. (error bars) of three
experiments performed in duplicate. *, p � 0.05; **, p � 0.005; ***, p � 0.001.
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genesis in lsd1-knocked down cells, so that inmature cells at D3
or D5, the expression of cebpa, pparg, and foxO1 was much
decreased compared with control siC-transfected cells (Fig.
3D). The expression of cebpb, on the other hand, is only limit-
edly induced during adipogenesis and was not affected by lsd1
knockdown (Fig. 3D).
LSD1 Regulates H3K4 and H3K9 Dimethylation at the cebpa

Promoter in Preadipocytes—The dramatic decrease of cebpa
expression observed in siLsd1-transfected cells at D0 may ex-
plain at least in part the observed effect on adipogenesis
because C/EBP� is one of the master regulators of this process,
and cebpa�/� mice lack white adipose tissue in many depots
(31). Thus, we studied the histone methylation status of the
cebpapromoter in control and siLsd1-transfected 3T3-L1 prea-
dipocytes. Interestingly, ChIP assays demonstrate that H3K4
dimethylation was significantly decreased at the cebpa pro-
moter 72 h after siLsd1 transfection with respect to the control.
In contrast, H3K9 dimethylation in the same region was
increased (Fig. 4A). As a control, H3K4 and H3K9 dimethyl-
ation at the actb and myod promoters, respectively, did not
show significant changes (Fig. 4A). The increase of H3K9 dimethyl-
ation in absence of LSD1 would indicate a more repressive sta-
tus of the chromatin and correlates with the observed silencing
of the gene.
Similar to what we had previously described for other adipo-

genic genes (25), the cebpa promoter does not display detect-
able H3K4 trimethylation in D0 preadipocytes (data not shown).
However, this epigenetic signal, usually associated with gene
activity, increases steadily throughout differentiation at adipo-
genic promoters, reaching maximum levels in mature cells,
when expression of the genes ismaximal (25). To studywhether
this programmed enrichment of H3K4 trimethylation was
affected by knocking down lsd1, we transfected 3T3-L1 preadi-
pocytes and proceeded to differentiation as usual. At D2, cells
were harvested and used for ChIP assays. Our data show that in
siLsd1 cells, H3K4 trimethylation at the promoter of cebpa
remains undetectable (Fig. 4B). In contrast, siC cells at D2 dis-
play significant levels of H3K4. These results are in accordance
with the observed lack of induction of the gene (Fig. 3D). Taken
together, our data suggest that in 3T3-L1 preadipocytes LSD1 is
acting as an activator on the cepba promoter by maintaining

low levels of dimethylated H3K9, probably opposing the func-
tion of a H3K9 methyltransferase. Maintenance of H3K9 di-
methylation at this basal level is a prerequisite for the fast and
robust induction of the gene that takes place after adipogenesis
is induced.
H3K9Methyltransferase SETDB1Regulates cebpaExpression

and Histone Methylation—We were next interested in identi-
fying the H3K9 HMT involved in the regulation of the cebpa
promoter. Recently, SETDB1was shown to play a crucial role in
pluripotent mesenchymal cells as an inhibitor of adipogenesis
(21). Moreover, an opposite action of LSD1 and SETDB1 has
been reported in the regulation of the estrogen receptor � tar-
get promoters (20). Thus, we considered SETDB1 to be a prom-
ising candidate and knocked down its expression in 3T3-L1
preadipocytes. Setdb1 mRNA and protein levels were effec-
tively decreased by siRNA transfection (Fig. 5A). Interestingly,
in contrast with the situation in siLsd1 cells, D0 siSetdb1 cells
displayed significantly increased cebpa expression compared
with controls at 48 h after transfection (Fig. 5B). Moreover,
when we studied by ChIP assays the promoter region of cebpa
in siC and siSetdb1 preadipocytes, we observed a significant
decrease inH3K9 dimethylation accompanied by an increase of
H3K4 dimethylation in setdb1-knocked down cells (Fig. 5C).
Thus, in the early stages of adipogenesis, SETDB1 helps to
maintain high levels of H3K9 dimethylation at the cebpa pro-

FIGURE 4. LSD1 regulates H3K4 and H3K9 methylation at the cebpa pro-
moter. A, ChIP assays show that lsd1 knockdown results in decreased H3K4
dimethylation (left panel) and increased H3K9 dimethylation (right panel) at
the cebpa promoter in 3T3-L1 preadipocytes, without affecting the levels of
those modifications at the promoters of control genes myod or actb. B, lsd1
knockdown decreases the induction of H3K4 trimethylation at the cebpa pro-
moter in 3T3-L1 cells at D2. Values are the mean � S.D. (error bars) of three
experiments performed in duplicate. *, p � 0.05.

FIGURE 5. SETDB1 regulates cebpa expression and histone methyl-
ation. A, transfection of a siSetdb1 siRNA into 3T3-L1 preadipocytes effec-
tively decreases setdb1 expression as measured by real time RT-PCR and
Western blotting. B, knockdown of setdb1 results in increased cebpa
expression in 3T3-L1 preadipocytes. RNA was extracted from transfected
cells 48 h after transfection and analyzed by real time RT-PCR. C, knock-
down of setdb1 results in increased H3K4 dimethylation (left panel) and
decreased H3K9 dimethylation (right panel) at the cebpa promoter in D0 prea-
dipocytes as analyzed by ChIP. D, both SETDB1 and LSD1 can be detected at
the cebpa promoter on D0 fibroblasts by ChIP. On D1, following induction of
adipogenesis, recruitment of LSD1 significantly increases, whereas recruit-
ment of SETDB1 remains unchanged. ¥, p � 0.05 with respect to actb gene
promoter;*, p � 0.05; **, p � 0.005.
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moter to repress gene activation. In absence of the factor,
decreased H3K9 methylation at the cebpa promoter correlates
with enhanced expression of the gene.
These data suggest a direct effect of LSD1 and SETDB1 over

the cebpa promoter. Thus, we studied the recruitment of both
proteins by means of ChIP assays. On D0 cells, we observe
detectable levels of both LSD1 and SETDB1 bound to the cebpa
promoter (Fig. 5D). After induction of adipogenesis (D1 cells),
we detect a significant increase in LSD1 recruitment, whereas
the levels of SETDB1 remain unchanged.
Knockdown of setdb1 Favors Adipogenesis—Because knock-

down of setdb1 resulted in increased basal levels of cebpa and a
more open status of its promoter in preadipocytes, we set out to
study how absence of the factor affects adipogenesis.We trans-
fected 3T3-L1 preadipoctes with siC and siSetdb1 siRNAs and
proceeded to differentiation as usual. Interestingly, setdb1-
knocked down cells displayed even higher levels of differentia-
tion than control cells (Fig. 6,A andB). Oil RedO staining of D7
adipocytes shows that lipid storage is not affected in siSetdb1-
transfected cells (Fig. 6A). Moreover, expression of adipogenic
genes such as cebpa itself or the hormone retn were more
strongly induced at D3 and D5 in siSetdb1-transfected cells
than in controls as analyzed by real time RT-PCR (Fig. 6B). In
addition, this stronger induction was accompanied by in-
creased levels of H3K4 trimethylation at the cebpa promoter on
D2 cells (Fig. 6C). Taken together, all of these data indicate that
SETDB1 acts in preadipocytes to preserve the repressed status
of cebpa by maintaining basal H3K9 dimethylation levels. In
absence of the factor, H3K9 dimethylation decreases at the
cebpa promoter, resulting in amore open status of the chroma-
tin and consequently favoring adipogenesis. Histone methyl-
ation at the promoters of adipogenic genes thus emerges as an
important element in the regulation of adipogenesis.

DISCUSSION

A number of recent works have established the key role of
histone modifications in cell differentiation in general and in
adipogenesis in particular (25–27, 32–36). In our laboratory,
we have previously shown that H3K4 dimethylation labels

the promoters of adipogenic genes
as potentially active in undifferen-
tiated 3T3-L1 fibroblasts (25). Here,
we extend those findings by show-
ing that these promoters also dis-
play significant levels of H3K9
dimethylation, a well established
epigenetic silencing mark. Moreover,
both signals follow inverse patterns of
enrichment throughout adipogene-
sis, with H3K4 dimethylation steadily
increasing in parallel with gene acti-
vation, and H3K9 dimethylation
decreasing. The presence of a similar
pattern of bivalent signals has been
observed in the promoters of devel-
opmentally important genes in stem
cells (34, 35, 37, 38), and its alteration
results in aberrant gene expression

and/or spontaneous differentiation (39, 40). Our data suggest
that the presence of this bivalent mark (H3K4/K9 di-
methylation) in preadipocytes labels those promoters as silent
but primed for transcription. H3K9 dimethylation prevents
gene activation, whereas H3K4 dimethylation maintains the
chromatin in a receptive state, allowing the fast and robust
induction that these genes undergo when differentiation
begins.
In agreement with this crucial role of histone methylation

in adipogenesis, we observe that several HMTs and HDMs
significantly increase throughout adipogenesis. Interest-
ingly, a general decrease of histone deacetylases during adi-
pogenesis has been described earlier (36), and inhibition of
histone deacetylase activity has been long known to favor
adipogenesis (36, 41). Thus, a striking change in the pattern
of the most abundant histone-modifying proteins takes place
during adipogenesis, suggesting that histone methylation plays
an important role in both adipocyte differentiation and the reg-
ulation of homeostasis in mature cells. Indeed, as the cells dif-
ferentiate and acquire their definitive gene expression patterns,
a considerable number of genes must either be induced or
silenced. It is thus reasonable to speculate that the expression
and activity of the enzymes involved in histone methylation
turnover must be tightly controlled during differentiation, as
each of them actively participates in setting up the expres-
sion levels of a broad number of genes. Accordingly, alter-
ation of the expression of several HMTs and HDMs has been
recently shown to exert a powerful effect over adipogenesis
(26, 27, 32, 33).
In this regard, here we demonstrate for the first time an asso-

ciation between the H3K4/K9 histone demethylase LSD1
and adipogenesis. By knocking down lsd1 gene expression in
3T3-L1 preadipocytes and pluripotent fibroblasts C3H 10T1/2,
a more undifferentiated model of adipogenesis, we observe
a significant decrease in lipid accumulation and adipogenic
marker gene expression. This effect over adipocyte differentia-
tion seems to be exerted at least in part by the regulatory action
of LSD1 over cebpa gene expression. Transcription factor
C/EBP� is one of the master regulators of adipogenesis, and its

FIGURE 6. Knockdown of setdb1 favors adipogenesis. A, setdb1 knockdown does not affect lipid accumula-
tion of 3T3-L1 cells as measured by Oil Red O staining. The images shown are representative of three experi-
ments performed in duplicate. B, setdb1 knockdown favors adipogenesis. Total RNA was extracted at D3 and D5
of differentiation from siC- and siSetdb1-transfected cells and analyzed by real time RT-PCR. Values presented
are the ratio of the specific RNAs corrected by housekeeping actb. C, siSetdb1 transfection significantly
increases the induction of H3K4 trimethylation at the cebpa promoter in D2 cells. *, p � 0.05; **, p � 0.005. Error
bars, S.D.
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expression has been shown to be necessary for the development
of mature adipocytes both in vivo and in vitro (31, 42). It is
important to remark that this effect of LSD1 over cebpa expres-
sion is not observed in mature adipocytes, once the gene is
heavily expressed. These data indicate that LSD1 is required to
exert its function at a precise time window, corresponding to
the early stages of adipogenesis, when the definitive expression
levels of key adipogenic genes are being established. It should be
noted that we transfected cells 48–72 h prior to adipogenesis
induction. Thus, it is probable that the knockdown effect is
restricted to the first 2–3 days of the differentiation process. In
fact, in transfected cells differentiated up to D5/D7, lsd1 levels
in siLsd1-transfected cells are comparable with those in control
cells (data not shown). Again, these data suggest that the pres-
ence of LSD1 is essential for the first stages of adipogenesis but
more dispensable for later steps.
Intriguingly, the expression of other adipogenic transcrip-

tion factors such as pparg or cebpb is unchanged or actually
increased in the siLsd1-transfected preadipocytes. PPAR� is to
date the only factor considered to be both necessary and suffi-
cient to direct adipogenesis (23, 42). However, increased pparg
expression accompanied by decreased cebpa expression and
adipogenesis has been observed in MLL3�/� mice (26), which
display decreased adipose tissue even when subjected to a high
fat diet. The H3K4methyltransferase MLL3 has been shown to
play a key role in PPAR�-dependent adipogenesis (26), by being
recruited to PPAR� target promoters and increasing H3K4
methylation, thus favoring gene expression. In a separate study,
knock out of Pax transactivation domain-interacting protein, a
component of the MLL3 complex, also results in impaired adi-
pogenesis by blocking the H3K4 trimethylation enrichment
that takes place in the promoter regions of cebpa and pparg
itself throughout adipogenesis (32).
We observe that siLsd1-transfected cells display increased

levels of H3K9 dimethylation at the cebpa promoter, corre-
lating with decreased expression of the gene already in D0
undifferentiated 3T3-L1 fibroblasts, before adipogenesis is
induced, thus turning the cells less responsive. Cebpa�/�

mouse embryonic fibroblasts are unable to undergo adipogen-
esis under normal conditions. However, reintroduction of
cebpa activity in these cells rescues pparg expression and adi-
pogenesis, whereas replenishment of pparg in the same cells
also rescues adipogenesis (43). These and other data indicate
that themain role of C/EBP� in the differentiation process is to
maintain pparg expression (42, 43). In agreement with these
data, when lsd1-knocked down preadipocytes, with severely
decreased cebpa expression, are stimulated to differentiatewith
the adipogenic mixture, pparg induction is blunted, although
expression of the factor was not affected in D0 fibroblasts prior
to addition of the adipogenic mix (Fig. 3D). Similarly, cebpa
expression is not induced, in contrast with the situation in con-
trol cells, where by D3 of the differentiation process, cebpa
expression has been induced by almost 100-fold.Moreover, this
defect in gene induction in siLsd1 cells correlates with a defect
in enrichment in H3K4 trimethylation at the cebpa promoter,
similar to the situation described for mouse embryonic fibro-
blasts lacking Pax transactivation domain-interacting protein
(43). Interestingly, expression of cebpb, a gene that is already

highly expressed in preadipocytes and does not need to be
induced as strongly as cebpa or pparg during adipogenesis, is
not affected in either our model or in the absence of Pax trans-
activation domain-interacting protein (44). Thus, our data sug-
gest that LSD1 is required in the early stages of adipogenesis to
allow H3K9 demethylation in adipogenic promoters and thus
favor H3K4 trimethylation enrichment and gene expression.
Although initially identified as a repressor (8, 13, 16), LSD1was
shown to participate in the transactivating activity of nuclear
receptors such as those for androgens or estrogens (19, 20). A
recent report has shown that �-herpesvirus recruits the host
cell LSD1 to its promoter to erase repressive H3K9 dimethyl-
ation, allowing transcription of viral immediate early genes
(18). In the particular case of the estrogen receptor�, LSD1was
described to facilitate gene activation by opposing the silencing
function of the H3K9 HMT SETDB1 (20). Interestingly,
SETDB1 was also shown to repress PPAR�-dependent gene
transcription in mesenchymal stem cells by increasing H3K9
methylation on PPAR� target promoters and thus blocking adi-
pogenesis in favor of osteogenesis (21).
Here, we show that LSD1 and SETDB1 exhibit opposite

effects in adipogenesis. SETDB1 knockdown in preadipocytes
results in significantly increased cebpa gene expression associ-
ated with decreased H3K9 dimethylation and increased H3K4
dimethylation at the gene promoter. Moreover, in accordance
with results published recently by another group (33), adipo-
genesis is enhanced in 3T3-L1 cells by the absence of SETDB1.
We propose the following model (Fig. 7): in fibroblasts that

are committed to an adipogenic lineage such as preadipocytes
3T3-L1, the promoter regions of key adipogenic genes display

FIGURE 7. Model showing the proposed interplay between LSD1 and
SETDB1 on the regulation of the histone methylation status of the cebpa
promoter in 3T3-L1 preadipocytes. The cebpa promoter displays signifi-
cant levels of both the activation signal H3K4 dimethylation and the silencing
mark H3K9 dimethylation in 3T3-L1 preadipocytes. H3K9 dimethylation levels
are maintained at the basal state by the interplay of HDM LSD1 and HMT
SETDB1. When adipogenesis is induced, decreased H3K9 demethylation
driven by enhanced recruitment of LSD1 favors increased H3K4 dimethyl-
ation and subsequent H3K4 trimethylation at the time that transcription of
the gene is robustly induced.

Histone Methylation Regulates Adipogenesis

30040 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 39 • SEPTEMBER 24, 2010



detectable levels of both H3K4 dimethylation and H3K9 di-
methylation. This bivalent signal maintains the chromatin in a
silent but receptive state. In the cebpa promoter, H3K9 di-
methylation is maintained by the combined action of the H3K9
methyltransferase SETDB1 and demethylase LSD1. When adi-
pogenesis is induced, enhanced recruitment of LSD1 to the pro-
moter results in decreased H3K9 methylation. This in turn
allows increased H3K4 dimethylation and trimethylation and
subsequent activation of the gene. Alteration of the basal levels
of any of these signals in preadipocytes deeply disturbs adipo-
genesis, thus highlighting the important role that epigenetic
mechanisms play in cell differentiation.
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